The size and shape of an organism is tightly controlled during embryonic and 2 postembryonic development to ensure proper functionality. However, in the light of the 3 breath-taking diversity of body forms observed in nature, developmental processes must have 4 evolved to allow evolutionary changes in adult morphology. Therefore, gene regulatory 5 networks (GRNs) that orchestrate organ development are mostly constrained, but nodes and 6 edges within such networks must change to give rise to morphological divergence. Identifying 7 such tuning nodes remains a major challenge in evolutionary developmental biology. Here, we 8 combined comparative transcriptomics and chromatin accessibility data to study 9 developmental differences leading to natural variation in compound eye size and head shape 10 in the two closely related Drosophila species D. melanogaster and D. mauritiana. We show that 11 variation in expression of the GATA transcription factor Pannier (Pnr) is associated with 12 extensive remodeling of the transcriptomic landscape during head development. Since U-13 shaped (Ush), a co-factor of Pnr, is involved in the same regulatory context, we argue that 14 variation in expression of both factors may be a driver of divergence in head morphology.
The morphological diversity present in nature is a key prerequisite for organisms to 2 adapt to an ever-changing environment. One of the major goals in biological research is to 3 unravel the internal and external forces shaping this morphological variability. Since the 4 genome of an organism contains instructive information about its morphology, it is important 5 to establish genotype-phenotype correlations for a given morphological trait 1, 2 . The genetic 6 architecture of relatively simple traits has been successfully determined at a high resolution.
a narrower interstitial head cuticle 34 , recapitulating the common origin of eye and head cuticle 23 tissue from the same eye-antennal imaginal disc during larval development 36 . Since the GRN 24 governing eye-antennal disc development is well understood in D. melanogaster 37-40 , this 25 process represents an excellent model to link morphological diversity to developmental and 26 genetic variation. 27 Here we combined comparative transcriptomics and chromatin accessibility data for 28 different developmental stages of head development in D. melanogaster and D. mauritiana to 29 reveal tuning nodes in an otherwise largely conserved GRN. A systematic co-expression and 30 transcription factor enrichment analysis suggested that many differentially expressed genes 31 eye area in D. mauritiana was accompanied by a narrower dorsal head region, which affected 23 both the orbital cuticle and the dorsal frons region. The ocellar complex was slightly shifted 24 ventrally in D. mauritiana (Figure 1b ). In summary, we found that D. melanogaster and D. 25 mauritiana do not only differ in the size of dorsal eye, but they also exhibit variation in the 26 relative contribution of different head regions to the dorsal head capsule. were generated for developing eye-antennal discs for both species at three developmental stages: 72h after egg laying (AEL; 7 late L2), 96h AEL (mid L3) and 120h AEL (late L3). d, Cluster analysis of all differentially expressed genes between D. Table S2 . 13 14 Morphological differences between D. melanogaster and D. mauritiana are associated 15 with variation in the developmental transcriptomic landscape 16 To understand the developmental basis of the size and shape differences in dorsal head 17 structures (Figure 1b ), we obtained comparative transcriptomes for eye-antennal disc 18 development. Since we found that the retinal region ( Supplementary Figure 1a and b) and the 19 anlagen of the interstitial cuticle ( Supplementary Figure 1c ) started to show differences 20 between D. melanogaster and D. mauritiana discs at 96 h AEL, we chose to sequence three 1 stages representing the onset (72 h AEL), progression (96 h AEL) and termination of 2 differentiation (120 h AEL) (Figure 1c and Supplementary Figure 2) 41 . The GRN governing eye- 3 antennal disc development must be composed of structural nodes that are crucial to ensure 4 proper eye and head formation. Therefore, we first confirmed that genes with stable 5 expression between species represent central processes involved in eye-antennal disc 6 development ( Supplementary Figure 3) . 7 To test whether differences in adult head morphology are associated with variation in 8 the transcriptomic landscape during eye-antennal disc development, we next analysed those 9 genes that were differentially expressed between species. 72 % of variation in the dataset was 10 due to differences between 72h and the other two stages ( Supplementary Figure 4) , an 11 observation that was confirmed by a pairwise differential expression analysis. With 6,683 12 genes, we found the highest number of differentially expressed genes (DEGs) at 72 h AEL, while 13 only 3,260 and 2,380 genes were differentially expressed at 96h AEL and 120 h AEL, 14 respectively. Differential expression was not biased towards one species since we observed an 15 equal number of DEGs with higher expression in D. melanogaster and D. mauritiana, 16 respectively (Supplementary Table 1 ). Clustering of DEGs based on temporal expression profiles 17 revealed highly variable expression dynamics between species (Figure 1d ). 18 To identify putative developmental processes affected by the interspecific differences 19 in the transcriptomic landscape, we searched for enriched GO categories associated with each 20 gene cluster. Genes involved in generic metabolic and energy related processes were enriched 21 in various clusters including those with dynamic ( Figure 1d , e.g. cluster 1 and 2) as well as stable 22 temporal expression ( Figure 1d , e.g. cluster 11) . Genes that tended to be highly expressed at 23 later stages were enriched for factors regulating neuronal differentiation processes (Figure 1d , 24 e.g. cluster 4) and in clusters with stably expressed genes, we observed an enrichment for cell 25 cycle control and tissue growth (Figure 1d , e.g. clusters 8 and 14) . In summary, we revealed 26 extensive variation in the transcriptomic landscape of developing eye-antennal discs between 27 D. melanogaster and D. mauritiana with different processes being affected by these changes.
28
Variation in the transcriptomics landscape is caused by variation in expression of 1 upstream regulators 2 The observed interspecific differences in gene expression dynamics must be the result 3 of variation in the underlying regulatory interactions. Therefore, we treated the DEGs with 4 similar expression profiles (i.e. clusters in Figure 1d ) as "gene modules" 33 that are regulated by and Supplementary Figure 2 for details). Each cluster showed enrichment of motifs for a unique 9 combination of transcription factors, suggesting that the variation in gene expression profiles 10 is due to differences in different regulatory interactions.
11
Differential gene expression can be the result of differences in the expression of their 12 regulating transcription factors. Indeed, we found that ~61% (92 of 150) of the putative 13 upstream transcription factors (NES > 4.0) were differentially expressed at least at one 14 developmental stage (False discovery rate (FDR) 0.05) (Figure 1d and Supplementary Table 2 ). 15 Those transcription factors which are differentially expressed and regulate genes with 16 expression differences between species are prime candidates to be putative tuning nodes in 17 the GRN underlying eye-antennal disc development. Some of the identified transcription 18 factors have previously been described to be involved in eye-antennal disc development, 19 suggesting that variation in their expression may indeed affect eye and head development. For (Figure 1d ; clusters 3, 4 and 15), the transcription factor that 23 mediates Decapentaplegic (Dpp) -signalling 46 , is involved in various processes in the eye- 24 antennal disc 47-49 . Additionally, in 5 of 15 clusters (NES > 4) ( Figure 1d ; e.g. clusters 7-9, 13 and 25 14) (in 9 of 15 clusters, NES > 3) we found a strong enrichment of motifs predicted to be bound 26 by the GATA transcription factor Pnr, which is for instance involved in establishing the early 27 dorsal ventral axis of the eye 50-52 . In summary, through co-expressed "gene modules" we 28 identified putative tuning nodes whose differential expression had a major impact on the 29 transcriptomic landscape of developing eye-antennal discs among species. 30 31 Pannier and U-shaped are active in the same regulatory network to regulate 1 differentially expressed genes 2 Variation in gene expression often does not result in phenotypic differences because 3 they are buffered in GRNs 21, 53, 54 . Therefore, it remains questionable, whether the putative 4 tuning nodes are indeed relevant for the differences in head morphology between D. 5 melanogaster and D. mauritiana. To test this, we further investigated the role of Pnr, which is 6 an interesting candidate transcription factor for the following reasons: 1. Our global clustering 7 and motif enrichment analyses suggest that Pnr regulates many DEGs between both species 8 ( Figure 1d ). 2. pnr itself is differentially expressed between D. melanogaster and D. mauritiana, 9 with higher expression in the latter species (Figure 2a ). 3. Pnr is known to be expressed in the 10 dorsal portion of the eye-antennal disc 50 and it is involved in determining the dorsal-ventral 11 axis of the retinal field in the early L2 discs 50,52,55 . Additionally, later during eye-antennal disc 12 development, Pnr influences the ratio of retinal and head cuticle fate in the dorsal disc by 13 repressing retinal determination genes 50,56,57 . that overlap with our Pnr target gene list. 14 of the 29 target genes are activated (red edges) and 8 genes are repressed (blue 5 edges) by Pnr. 6 target genes showed both types of interactions. 21 of the 30 putative Pnr target genes (68%) were differentially 6 expressed (green nodes). c, Expression dynamics of the ush transcript at the three developmental stages in D. melanogaster 7 (blue) and D. mauritiana (red) based on rlog transformed read counts. d, e, Pnr protein location in 3 rd instar eye-antennal discs 8 in D. melanogaster. The Pnr protein is present in the dorsal peripodial epithelium (pe) of the developing disc (d), including a 9 few cells of the margin cells (mc) and the disc proper (dp) (e'). The white arrow in d marks the morphogenetic furrow, the solid 10 white line marks region of the cross section shown in e and e' and the x and y coordinates indicate the same location in d, e 11 and e'. f, g, Ush protein location in 3 rd instar eye-antennal discs in D. melanogaster. The Ush protein is, similarly to Pnr (compare 12 to d), expressed in the dorsal peripodial epithelium (pe) of the developing disc (f), including a few cells of the margin cells (mc) 13 and the disc proper (dp) (g'). The white arrow in f marks the morphogenetic furrow, the solid white line marks region of the 
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To learn more about the regulatory interactions of Pnr, we first refined the list of its Figure 5a ) and many of the genes were also predicted to be regulated by Pnr 8 in our cluster analysis (see Figure 1d and Supplementary Figure 5b ). In line with the known 9 functions of Pnr during eye-antennal disc development, the putative Pnr target genes were 10 highly enriched in processes like compound eye development and growth as well as cell cycle 11 progression ( Supplementary Figure 5c ). Additionally, a cross-validation of our putative Pnr 12 target genes with the DroID interaction database 58,59 showed that our list contained three 13 known direct target genes (i.e. Pnr-regulatory sequence interaction; dl, Pc and Sfmbt) and 23 14 genes with known genetic interactions ( Figure 2b ). 17 out of these 26 genes showed differential 15 expression between the two species. Taken together, we identified a high confidence list of Pnr 16 target genes during eye-antennal disc development. 17 Using this list, we next asked how pnr expression influenced the expression of its target 18 genes. 67.5 % (716 of 1,060 genes) of the expressed target genes showed expression 19 differences between D. melanogaster and D. mauritiana ( Supplementary Table 3 ). Intriguingly, 20 we found genes that are activated as well as repressed by Pnr among the differentially 21 expressed target genes (Supplementary Figure 6 and Figure 2b ), suggesting that variation in pnr 22 expression affects both types of targets. Previous studies in embryos and the wing disc have 23 shown that Pnr, which normally acts as an activator, acquires a repressive function upon 24 heterodimerization with its co-factor U-shaped (Ush) 60-62 . Although, it was previously stated 25 that ush is not expressed in the eye-antennal disc 50,61 , it was expressed in all three studied 26 stages of eye-antennal disc development in our RNAseq data ( Figure 2c ). Additionally, like pnr, 27 ush expression was mostly higher in D. mauritiana (Figure 2c ). Therefore, we hypothesized that 28 Ush may also act as a co-factor during eye-antennal disc development alongside Pnr. 29 30 To further test this hypothesis, we first asked whether both proteins are present in the 1 same cells of the eye-antennal disc. Using newly generated antibodies against Pnr and Ush, we experiments showed that descendants of pnr-positive cells were identified in the dorsal disc 6 margin, in the disc proper ( Supplementary Figure 8a) as well as further ventrally in the 7 peripodial epithelium ( Supplementary Figure 8b ), suggesting a dynamic expression of pnr 8 during eye-antennal disc development. 9 The co-expression suggests that both genes may be involved in similar developmental 10 processes and that they interact genetically. Therefore, we sought to test if modulation of pnr 11 and ush expression levels similarly affected head development. To this end, we overexpressed 12 and knocked down both genes in the dorsal eye-antennal disc in a domain that is reminiscent 13 of pnr expression ( Supplementary Figure 9a Supplementary Figure 9i ), suggesting a positive interaction between pnr and ush. 25 Additionally, upregulation of ush resulted in slightly reduced Pnr protein levels (Supplementary 26 Figure 9j ), suggesting a negative impact of Ush on pnr expression. Further support for this idea 27 comes from the induction of a double-antenna phenotype when ush was overexpressed using 28 a stronger pnr driver line ( Supplementary Figure 9k ) 61 , a phenotype that we also observed upon 29 pnr knock-down ( Supplementary Figure 9l ) 50 . 30 In summary, we could show that natural variation in pnr expression between D. 1 melanogaster and D. mauritiana results in considerable remodelling of the transcriptomic 2 landscape. We suggest a dual role of Pnr during eye-antennal disc development, which is most 3 likely mediated by its co-factor Ush since both genes are co-expressed, interact genetically 4 (Supplementary Figure 9m ) and are involved in dorsal head development. Overall, our data 5 suggests that interspecific variation in pnr expression may indeed influence dorsal head shape 6 and eye size as observed between species. 7 8 Overexpression of pannier phenocopies aspects of the differences observed between 9 D. melanogaster and D. mauritiana 10 To test if variation in pnr expression indeed has the potential to explain naturally 11 occurring differences in eye size and head shape we quantitatively analysed the adult heads 12 originating from gain-and loss-of-function experiments applying geometric morphometrics and 13 ommatidia counting (see Materials and Methods for details). shown by cells in which yellow expression is restored (black arrows).
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A principal component analysis of head shape variation showed that PC2 explained 13 19.2% of the observed variation in head shape and PC3 explained 6.7% (Figure 3a ; note that 14 PC1 captured a technical artefact, see Supplementary Figure 10 ). Variation along PC2 mainly 15 captured differences in the proportion of eye vs. interstitial cuticle tissue in the dorsal head, as 16 well as the location of the ocellar region. Intriguingly, the overexpression of pnr in the dorsal 17 head region resulted in a shift from a "D. melanogaster"-like shape towards a more "D. 18 mauritiana"-like shape along PC2, with an enlargement of the eyes at the expense of a slight 19 reduction of the interstitial cuticle ( Figure 3a ). Ommatidia counting in entire eyes confirmed 20 that the increase in eye area upon pnr overexpression was indeed due to an increase in number 21 of ommatidia ( Figure 3b ). Note that pnr RNAi influenced overall head shape ( Figure 3a ), but we 22 could not observe an impact on the number of ommatidia ( Figure 3b ).
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PC3 explained mostly differences in the dorsal-posterior head cuticle and the location 24 of the ocellar region ( Figure 3a ). We analysed the dorsal-posterior head cuticle in more detail 25 and observed that the occipital region was more convex upon pnr overexpression (Figure 3c ), 26 whereas downregulation consistently led to an enlargement of these regions ( Figure 3d ). 27 Intriguingly, in accordance with a higher expression of pnr in D. mauritiana, we found a more 28 convex occipital region in D. mauritiana (Figure 3e ) compared to a more concave shape in D. 29 melanogaster (Figure 3f In summary, we were able to phenocopy aspects of the "D. mauritiana"-like head shape 33 and eye size by upregulating pnr expression in the developing eye-antennal disc. This data 34 strongly suggests that natural variation in pnr expression can indeed contribute to phenotypic 35 differences between species. nodes) to keep the overall morphology and functionality of an organ stable throughout time. 12 Indeed it has been shown that changes in gene function and expression are often buffered in 13 GRNs to maintain a stable phenotypic outcome [16] [17] [18] [19] [20] [21] [22] . To reveal phenotypically relevant tuning 14 nodes the development of an organ that exhibits quantitative differences in adult morphology 15 must be compared. Since natural intra-and interspecific variation in head shape and eye size is 16 pervasive among species of the D. melanogaster subgroup [30] [31] [32] 34, 35, [75] [76] [77] , we used the 17 development of these adult structures from eye-antennal discs to address this question. 18 In accordance with overall functionally and morphologically conserved adult head shape 19 in D. melanogaster and D. mauritiana, we found that the expression of many genes was 20 conserved between the two species during head and compound eye development. Those genes 21 represented key developmental and metabolic processes, suggesting that the GRNs are still 22 very similar between these two closely related species. However, the observed quantitative 23 interspecific differences in eye size and head shape must be due to variation in some parts of 24 the GRN that may be selected for if it translates into phenotypic diversity that is advantageous 25 to the organism 78-80 . 26 Because of the regulatory interactions within GRNs, we hypothesized that tuning nodes 27 can be elucidated by their impact on the expression of their target genes 74 . We found a 28 significant number of the identified upstream regulators to be differentially expressed 29 themselves, thus qualifying them as putative tuning nodes. Given the capacity of GRNs to buffer 30 expression changes, it remains unclear whether those changes indeed result in phenotypic 31 differences. Since we observed variation in head morphology between D. melanogaster and D. 1 mauritiana (this work and 34 ) and identified Pnr as a putative tuning node we functionally tested 2 whether variation in expression of this transcription factor translates into interspecific 3 phenotypic differences. Overexpression of pnr in the dorsal eye-antennal disc of D. 4 melanogaster phenocopied major aspects of the dorsal D. mauritiana head shape and eye size, 5 showing a functional link between enhanced pnr expression and these morphological 6 differences. 7 Intriguingly, manipulation of pnr expression simultaneously affected the interstitial 8 cuticle and the compound eyes, suggesting that Pnr is involved in specifying the ratio between 9 retinal tissue and head cuticle. Support for this observation comes from prior developmental 10 analyses that established two major roles of Pnr during D. melanogaster eye-antennal disc 11 development. 1) During early eye-antennal disc development, Pnr plays a pivotal role in 12 defining the dorsal-ventral boundary and is therefore responsible for overall tissue growth 13 50,52,55 . Throughout larval development pnr is predominantly expressed in the dorsal peripodial 14 epithelium and our lineage tracing experiment showed that, during earlier stages, pnr must be 15 expressed in cells that contribute to the complete dorsal lineage as well as in cells of the dorsal 16 posterior margin where the morphogenetic furrow is initiated 38 . Recent data shows that 17 Eyeless (Ey) activity in the peripodial epithelium and the margin cells is necessary for the 18 initiation of the morphogenetic furrow and the placement of the dorsal-ventral boundary 81 . 19 Our result that ey is among the putative direct Pnr target genes, offers an exciting and yet 20 unpredicted early role of Pnr in ey regulation in the peripodial epithelium and in margin cells, 21 providing a potential functional link to this well-established early role of Pnr. 2) From the late The multiple roles of Pnr during eye-antennal disc development, which are most likely 3 facilitated by its temporally (early vs. late function) and spatially (expression in peripodial 4 epithelium and in margin cells) defined expression, may explain contradicting results obtained 5 by different functional studies. While we observed an increase in eye size upon overexpression 6 of pnr in its endogenous expression domain, previous work reported dorsal retinal overgrowth 7 and ectopic eye fields after the induction of loss of function clones using an ey-Gal4 driver 50,56 . 8 Since the ey-Gal4 driver is active from early stages on 81 , the retinal overgrowth very likely 9 results from the induction of an ectopic dorsal-ventral equator region 56 . In contrast, the 10 spatially defined overexpression or knockdown of pnr using a pnr-Gal4 driver (this work) may 11 highlight later functions of Pnr in regulating the eye vs. head ratio. Interestingly, in line with our 12 results, cuticle overgrowth has been observed for some ey-Gal4 induced loss of function clones 13 56 . Overall, our results and previous reports highlight the importance to analyse gene functions 14 in temporally and spatially well-defined experiments to disentangle the context-dependent role 15 of pleiotropic developmental regulators such as Pnr. 16 Besides the temporal and spatial control of gene expression, the function of 17 transcription factors can be further diversified by the presence of co-factors. Our combinatorial 18 RNAseq and ATACseq data revealed more than 1,000 putative Pnr target genes expressed 19 during eye-antennal disc development, of which some genes showed expression profiles in 20 agreement with the reported activating role of Pnr, while some targets showed signatures of a 21 negative relationship. It has been shown that Pnr plays a dual regulatory role in the wing disc 22 84,85 where its repressive function is realized upon heterodimerization with its co-factor Ush 23 57,60 . Although it was previously reported that ush was not expressed or non-functional 50 in the 24 developing eye-antennal disc, we show here for the first time that ush is transcribed in this 25 tissue and that the Ush protein is co-localized with Pnr in the squamous cells of the dorsal 26 peripodial epithelium and in the cuboidal cells of the disc margin. Furthermore, ush expression 27 is necessary for proper head development, since knock down in the dorsal part of the eye-28 antennal disc resulted in irregularities in adult dorsal head cuticle and the head bristle pattern 29 (this work and see 63 for bristle phenotype). The co-expression of pnr and ush as well as their 30 involvement in the development of the same morphological structures strongly suggest that 31 they interact during eye-antennal disc development. Accordingly, we showed that Pnr is 1 involved in ush activation. Although we cannot rule out an indirect interaction because we did 2 not find ush as a potential target gene of Pnr, our findings are in line with the interaction of 3 these two factors in the developing wing disc 85 . Furthermore, the overexpression of Ush probably, these extra bristles arise where pnr overexpression cannot be compensated by Ush. 17 This is reminiscent of the phenotype of a dominant pnr D allele 86 that is characterized by a loss 18 of its ability to dimerize with Ush 86,88 . Overexpression of ush in most of the dorsal peripodial 19 epithelium resulted not only in loss of the posterior vertical bristles, but also in loss of the 20 anterior vertical bristles, suggesting that extra Ush above a certain threshold completely 21 antagonizes Pnr function and subsequent sensory bristle formation. While we observed bristle 22 phenotypes in our functional assays, the stereotypic bristle pattern in the dorsal head is 23 conserved between D. melanogaster and D. mauritiana even though pnr and ush were 24 differentially expressed in our dataset. Interestingly, both genes showed higher expression in 25 D. mauritiana at 72 and 96 h AEL with a similar ratio of both factors ( Supplementary Figure 11) . 26 In contrast, a different ratio was observed at 120 h AEL, with pnr expression being higher in D. 27 mauritiana, while ush expression was more similar in both species at this later stage 28 ( Supplementary Figure 11) . Together with the fact that most of these proneural cell clusters 29 are already specified 18h to 6h prior to puparium formation 89 , this suggests that especially at 30 these earlier stages (72h -96h AEL), the ratio between the two co-factors must remain stable 31 to ensure proper sensory bristle formation. However, once bristle formation is defined, 32 variation in the ratio of both factors at later stages can cause natural variation in dorsal head 1 cuticle shape in the occipital region and dorsal head development without affecting bristle 2 formation. 3 Taken together, we identified variation in expression of a highly pleiotropic regulatory 4 module composed of Pnr and Ush that causes the differential expression of a plethora of 5 potential target genes. Since the observed expression differences are associated with 6 phenotypic variation, we conclude that this regulatory module represents a tuning node in the confirmed that developmental regulators tend to be highly connected 90,91 . While a high level 18 of connectivity ensures the buffering of expression fluctuations, the opposite effect has been 19 observed as well. Data obtained in yeast showed that genes that are regulated by many other 20 factors (trans-mutational target size) and genes that contain many transcription factor binding 21 motifs (cis-mutational target size) are more prone to accumulate mutations. In turn, these can 22 affect gene expression 13, 92 allowing for their incorporation in many different GRNs.
Consequently, a complex gene regulation facilitates the remodeling of regulatory interactions 24 in a temporally and spatially specific manner.
25
Eye-antennal disc development is highly complex and the regulatory interactions within 26 the underlying GRN are variable both throughout time 41 and in different parts of the disc 93 , 27 facilitating the use of the same developmental gene products in different contexts. For 28 instance, genes of the retinal determination network are required for the initial proliferation 29 and growth of the entire eye-antennal disc 44,94,95 and later they play a pivotal role in retinal 30 specification 38, 40 . These distinct roles have been suggested to be achieved by considerable 31 rewiring of the respective GRNs, which allows them to fulfil temporally and even spatially 1 restricted tasks 96 . The various described roles for Pnr 50,56 , its continuous expression in the 2 dorsal eye-antennal disc and the observation that variation in pnr expression affects overall 3 head shape and eye size simultaneously, strongly suggest that Pnr as well is involved in several 4 sub-networks during eye and head development. The interaction with co-factors, such as Ush 5 provides a mechanism of modulating the role of Pnr from an activating to a repressing 6 transcription factor and its usage in spatially defined GRNs. We propose that the dynamic 7 nature of GRNs is facilitated by complex gene regulation and may explain how interspecific 8 variation in expression of a highly pleiotropic and central transcription factor such as Pnr can 9 result in remodelling of the transcriptomic landscape in an otherwise tightly controlled 10 network. 11 Since the trade-off between eye size and head cuticle seems to be a common feature 12 of Drosophila 30, 31, 34, 35, [75] [76] [77] , this trait represents an excellent model to test whether natural 13 variation in different lineages results from changes in the same nodes of the underlying GRN or 14 not. Between D. melanogaster and D. simulans different QTL regions were identified for eye 15 size and the width of the interstitial cuticle. This observation was supported by quantitative 16 developmental data showing that the anlagen for the head cuticle start to diverge in size prior 17 to the retinal tissue 30 . Therefore, the trade-off seems to be regulated by independent factors 18 in these two species. However, recent quantitative genetics analyses identified some loci that 19 affect eye size and head cuticle in opposite directions in intraspecific comparisons in D. 20 melanogaster and D. simulans 31, 32 . Additionally, our finding that variation in pnr expression 21 influences both traits simultaneously further suggests that they may be genetically linked in D. 22 melanogaster and D. mauritiana. Therefore, a convergent evolution of the trade-off in 23 Drosophila is likely. A detailed analysis of the morphological basis of eye size differences 24 showed that bigger eyes can be the result of differences in ommatidia number (e.g. between 25 D. melanogaster and D. mauritiana, this work and 34 ) or ommatidia size (e.g. between D. 26 simulans and D. mauritiana, 30, 34 ). Since these two features are regulated at different time- 27 points and developmental processes, it is conceivable that the molecular and developmental 28 basis of eye size differences varies in different groups. In summary, our current knowledge 29 based on quantitative genetics, developmental as well as morphological data suggests that 30 different nodes within the GRN underlying head and eye development may evolve to give rise 31 to variation in head morphology in Drosophila. 32 We provide here a framework to reveal tuning nodes within GRNs and to subsequently 1 validate these findings. Our comparative transcriptomics approach can be used as entry point 2 to study the evolution of complex morphological traits or it can be applied to link already 3 identified genetic variation to nodes within developmental GRNs and to developmental 4 processes. It is important to note, however, that this approach unfolds its full potential if 5 complemented with quantitative genetics data that allows identifying exact genetic variants 6 associated with trait variation. The fact that we were able to shift D. melanogaster head shapes 7 only to a certain degree towards a D. mauritiana head shape suggests that multiple genomic 8 loci are responsible for the observed morphological divergence between D. melanogaster and 9 D. mauritiana. Furthermore, it remains to be established whether the pnr and/or ush loci 10 contain genetic variants associated with eye size and head shape differences. Quantitative 11 genetics approaches are not applicable since interspecific crosses between D. melanogaster 12 and D. mauritiana result in infertile F1 females 97 . However, reciprocal hemizygosity tests 98 for 13 Pnr, Ush and putative regulators of these two factors represent a powerful tool to further 14 dissect the causative genetic variants in the future. Overall, much more genetic as well as 15 developmental data from different groups are necessary to draw a full picture of this exciting 16 morphological phenomenon. 17 
Material and Methods

18
Generation of the transcriptomic dataset 19 Flies from the following strains were raised at 25°C at a 12:12 dark:light cycle for at least 20 two generations and their eggs were collected on agar plates for one hour: D. melanogaster 21 (OreR), D. mauritiana (TAM16). 30 L1 larva were collected in vials and developing eye-antennal 22 discs were dissected at 72h AEL (120-130 discs; male and female), 96h AEL (80-90 discs; The reads were mapped against strain-specific transcriptomes (D. melanogaster and D. 9 mauritiana), including CDS and UTR 99 using Bowtie2 v. 2.3.4.1 100 with the following 10 parameters: -very-sensitive-local -N1. Samtools version 1.9 101,102 was used to 11 further process the reads and count the reads mapped to each transcript (idxstats). 12 Differential expression analysis and data visualization 13 The PCA plot is based on the regularized log (rlog) transformation from the DESeq2 14 package (DESeq2_1.22.2 103 ; R version 3.5.2).
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DeSeq2 was used to perform a pairwise differential expression analysis between the 16 two species at each time point using the apeglm option as shrinkage estimator 104 (D. 17 melanogaster 72h vs. D. mauritiana 72h, D. melanogaster 96h vs. D. mauritiana 96h and D. 18 melanogaster 120h vs. D. mauritiana 120h). We used the online tool Metascape 105 to perform 19 GO enrichment analysis for each time point. We combined the read counts of all genes that 20 were significantly differentially expressed (log2FC > 0 | log2FC < 0 and padj < 0.05) between 21 the two species in at least one stage (8, 350 genes in total). We then clustered them according 22 to their expression dynamics (i.e. we treated the combined data from both species as a time-23 series) using the coseq package (version 1.6.1) 106,107 with the following parameters: K=2:25, 24 transformation="arcsin", norm="TMM", model="Normal". We searched for Supplementary Table S2 28 contains enriched unique motifs with NES > 4.0, we excluded non-Drosophila motifs, and added 29 only the ones which could be found on Flybase 110 . To check which of these potential upstream 30 regulators are differentially expressed, we removed all duplicates and overlapped the list with 1 all significantly differentially expressed genes. 2 Metascape was used to analyse differential enrichment of GO terms for each pairwise 3 comparison. 4 Generation of the ATACseq dataset 5 For the generation of ATAC-seq datasets we followed a previously established protocol 111 . 6 Developing eye-antennal discs of D. melanogaster were dissected in ice-cold PBS at 72h, 96h Bioinformatic processing of the ATACseq data 31 We performed quality checks of the sequenced reads using FASTQC -no-unal and -X2000. Samtools version 1.9 was subsequently used to convert the sam files 4 to bam files, and to sort and index bam files. We removed duplicates using PICARD (version Definition of a Pnr target gene list 13 As a basis for the high confidence list of putative Pnr target genes a Chip-chip dataset 14 was used (downloaded on 1st of July, 2015 from http://furlonglab.embl.de/data/download), 15 which comprises ChIP-chip experiments in the Drosophila embryo with several transcription 16 factors, including Pnr at two time points (4-6h AEL and 6-8h AEL) 116 . All Pnr-binding regions 17 from both time points were selected with a Tile-Map score of <5.5. and where the distance of 18 the centre of the peak to the transcription start site was -1000 bp and +1000 bp. We performed 19 a de novo motif search in these peak regions, to define the Pnr binding motif. We used this 20 motif to screen a set of combined and unique ATAC-seq peaks from three time-points for 21 potential Pnr binding sites in open chromatin regions of the developing eye-antennal disc, 22 which resulted in 1,335 unique peaks in total. These peaks were annotated to 1,241 genes, of 23 which 1,060 ( Supplementary Table 3 ) are expressed in the eye antennal disc (>= 10 reads in at 24 least one of the three stages). We overlapped these genes with all genes that were significantly 25 differentially expressed in at least one of the three stages (8,350 genes). To understand the 26 expression dynamics of potential Pnr target genes in relation to Pnr itself, we performed 27 hierarchical clustering according to their expression dynamics using coseq with the following 28 parameters: K=2:25, transformation="arcsin", norm="TMM", 29 model="kmeans". 30 We downloaded all known direct (TF-gene, 157,462 interactions) or genetic interactions 1 (14,241 interactions) from the DroID database 58,59 (in total 171,703 interactions). We extracted 2 from this database all interactions of Pnr with other genes and found 181 target genes of Pnr. 3 26 of these were present our Pnr target gene list and 17 were differentially expressed. We used 4 Cytoscape 117 to visualize the interaction between these target genes and potential upstream 5 regulators found in the database. 6 Antibody generation and immunohistology 7 We generated polyclonal antibodies against Pnr 116 and Ush 61 based on previous Before usage, both antibodies were preabsorbed overnight in a mix of Drosophila 21 embryos on 4°C.
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Developing eye-antennal discs were dissected and fixed for 30 min in 4% 23 paraformaldehyde (PFA). For this purpose, PFA was dissolved in ddH2O and 1M NaOH by 24 boiling, diluted with 10x Phosphate Buffered Saline (PFA) and the pH was adjusted to 7.2 using 25 NaOH. The discs were then washed 3 times in 0.03% PBT (1x PBS, 0.03% Triton X-100) before 26 blocking in 5% normal goat serum for 30 min. Incubation with the primary antibody was done 27 for 90 min, before 3 additional washing steps with PBT and one round of blocking for 30 min.
28
The discs were then incubated with the secondary antibody overnight on a rocking plate at 4°C. 29 Phalloidin-488 (1:100) was added. After 3 washing steps with PBT, the discs were incubated 30 with DAPI (1:1000) for 10 min, followed by one washing step with PBT and one washing step 1 with PBS. Subsequently, the discs were mounted in mounting medium (80% glycerol + 4% n-2 propyl-galate) and kept at least one night on 4°C prior to imaging. 3 We confirmed the specificity of the Ush antibody by recapitulating known Ush 4 expression domains in the wing imaginal disc ( Supplementary Figure 12a) and during embryonic 5 development ( Supplementary Figure 12b,c) . For test stainings in embryos we collected 6 embryos for several hours on apple agar plates, removed the chorion with 50% bleach 7 (DanKlorix) and rinsed them 3 times with 0.03% PBT (Phosphate buffered saline 1%, Triton X-8 100). We fixed the embryos with heptane and 2% formaldehyde for 20min and washed with 9 MeOH, followed by washing steps with PBT. The embryos were then blocked in 3% BSA for one 10 hour, followed by incubation with the primary antibody overnight. After two washing steps with 11 PBT, we added HRP-coupled secondary antibody for 90 min. After three washing steps with PBT 12 we performed a DAB (3'-3diaminobenzidine) staining. The embryos were then washed again 2 13 times in PBT and mounted in glycerol. kindly provided by Dr. Marita Büscher). 21 Pictures of eye-antennal discs upon antibody staining were taken using a Zeiss LSM 710 22 confocal microscope. Antibody stainings were visualized and processed with Fiji software.
23
Vertical sections of the confocal pictures were generated using the Volume Viewer plugin using 24 the following parameters: Display Mode: Slice and Boarders, Interpolation: Nearest Neighbour,
25
Transfer Function: Fire LUT. 26 Geometric Morphometrics 27 We imaged dorsal heads of wildtype specimens from each parental line, as well as the 28 offspring of the respective D. melanogaster crosses using a Leica M205 FA stereo microscope. 29 We placed 64 landmarks on pictures of these dorsal heads using the tpsDig2 software 118 . We To overexpress or knock-down pnr and ush, the following fly lines were used: Fernando Casares); UAS-Stinger-GFP (nGFP) (kindly provided by Dr. Gerd Vorbrüggen). 17 All crosses were performed at 25°C and at a constant 12h:12h light:dark cycle. Since Pnr 18 and Ush are crucial during embryonic development, we chose combinations of GAL4/UAS lines 19 that resulted in a phenotype, but were not lethal during embryonic, larval or pupal stages. We 20 used a set of GAL4 lines representing a range from weak to strong drivers and in the case of 21 pnr-RNAi we used two independent RNAi lines. 22 Pnr expression and lineage tracing 23
The pnr-GAL4 line pnrMD237 120 , recombined with UAS-GFP, was used to follow pnr flipase; act5c>stop< nuc-lacZ flies 121 . In the discs of the progeny, actual pnr expression was 28 visualized with anti-GFP and its lineage with anti β-galactosidase. 29 Immunostaining and imaging. 1 Third instar or pupal discs were processed as in 83 . Primary antibodies were chicken anti- Center (NIH P40OD018537) were used in this study. Many thanks to the Deep-Sequencing Core Facility 5
of the Universitätsmedizin Göttingen (UMG) for next generation sequencing. We are grateful for many 6 fruitful discussions and feedback from members of the Department of Developmental Biology and 7
Posnien Lab members. Figure S1 | Quantitative comparative analysis of eye-antennal disc development in D. melanogaster and D. mauritiana reveals trade-off between retinal interstitial cuticle anlagen. a, Number of ommatidial precursor rows was counted along the equator region of the eye-antennal disc. Significant differences were observed at 120 h after egg laying (AEL) (F5,96 = 210.8, p < 2e -16 ). b, Distance from the optic stalk to the morphogenetic furrow was measured along the equator region. Significant differences were observed at 120 h AEL (F5,96 = 15.61, p = 3.2e -11 ). c, Distance from the morphogenetic furrow to the antennal anlagen was measured. From 96 h AEL on, we observed significant differences (F5,96 = 10.23, p = 7e -8 ). One-way ANOVA followed by Tukey multiple comparisons: *** <0.001; * 0.01248. Figure S2 | Overview of RNAseq and ATACseq analyses. Scheme of the datasets generated and used for the analysis, together with the analysis pipeline. We generated RNA-seq and ATAC-seq datasets of developing eye-antennal discs at three stages at late-L2, mid-L3 and late L3 (72h AEL (after egg laying), 96h AEL and 120h AEL). The arrows outline the analysis pipeline and programs used in each step are given in yellow. Figure S3 | Clustering of genes that showed conserved expression between D. melanogaster and D. mauritiana. Conserved genes were clustered based on expression dynamics across the three stages and a GO enrichment analysis was performed for each cluster. The number of genes in each cluster is given in the top right corner. Genes that were upregulated at early stages or constantly expressed over the three time-points, are mainly enriched in metabolic processes, cell-cycle processes and gene expression (e.g. clusters 4, 5 and 7). This is consistent with the fact, that the developing eye-antennal disc is a highly proliferative and growing tissue 1 . Genes that were highly expressed at 72h AEL and barely expressed at the two later stages, are enriched in cuticle development (e.g. clusters 6 and 8), reflecting the moulting of the Drosophila larva at the end of the 2 nd instar. Genes that got steadily upregulated at the two later stages are mainly enriched in neuronal processes (e.g. clusters 2,3 and 10), consistent with the ongoing differentiation of ommatidia at these time-points 2 . Table showing the number of DEGs clustered together, and if available, enrichment of the Pnr motif based on i-cis Target, together with the NES score. The last two columns show the overlap between the predicted Pnr target gene list and the respective cluster. c, GO-term enrichment analysis of all predicted Pnr target genes. Enrichment in processes such as signal transduction, growth, cell cycle but also in more specific terms like compound eye development were identified. Figure S6 | Clustering of differentially expressed putative Pnr target genes based on expression dynamics. The number of genes in each cluster is provided in the top right corner. Among the 13 obtained clusters, pnr itself is present in cluster 11. The expression profile of pnr is provided in orange in each cluster for comparison. While other genes in cluster 11, as well as genes in clusters 5, 9 and 10 showed the same expression dynamics as pnr, genes in other clusters showed the exact opposite trend. For instance, the Pnr target genes in cluster 3 were highly expressed at 72 h AEL in D. mauritiana, while pnr itself showed a relatively low expression. The expression of the same target genes decreased at 120 h AEL with pnr expression increasing at the same time. This contrasting expression profile strongly suggests that those target genes may be repressed by Pnr action. In contrast, genes in clusters that show the same dynamics as pnr may be positively regulated by Pnr. Figure S12 | Expression of Ush in the wing imaginal disc and in the embryo. a, Ush protein location in the developing Drosophila wing disc, detected with the newly generated α-Ush antibody. The regions where Ush were detected in this tissue (white arrows) are reminiscent of the regions, where ush mRNA can be detected using in-situ hybridization as shown in 4 . b, Ush protein location in a developing Drosophila embryo at about stage 9, detected with the α-Ush antibody. Ush can be detected in the dorsal ectoderm and the head mesoderm, where also ush mRNA was detected, as shown in [5] [6] [7] [8] . c, Ush protein location in a developing Drosophila embryo around ~stage 13 in the leading cells of the future dorsal closure (also compare to ush mRNA in embryos stage 13-16 in [6] [7] [8] , detected with the α-Ush antibody. Table S3 
